Technology (AIST), is providing chemical and physical metrology service to the world, including the development and providing of CRMs for the analysis of fuels based on a managing system in accordance to the ISO Guide 34:2009. 2 Up to date, the NMIJ has issued RMs and CRMs of sulfur calibrating solutions (NMIJ CRMs 4215-a, 4217-a, 4221-a, NMIJ RM 4216-a) and bioethanol (NMIJ CRM 8301-a) for the analysis of fuels.
Introduction
condition for each element, and the sample pretreatment was carried out independently for each analytical instrument. These methods are precise and accurate enough for the development of a CRM when plenty of time is permitted.
The development of the present CRM was a part of the Japan-U.S. Cooperative Project on Energy and Environmental Technology Research/Standardization (Japan-U.S. Environmental Technology Research Cooperation, FY 2013 -2014). This development was carried out as a 20-month research project, covering preparation of the candidate material, a homogeneity study, a stability test (at least 12-month), and characterization analysis. Therefore, a high-throughput analysis method was required to ensure the progress of developing the present CRM. In order to improve the throughput of analysis, simultaneous measurements of these elements is preferred for a homogeneity assessment of the present candidate RM.
An inductively coupled plasma mass spectrometer (ICP-MS) is a powerful instrument for elemental analysis with high sensitivity, good selectivity, and a wide linear dynamic range. However, the measurements of K, Ca, Na, P, and S at lower ng g -1 level are difficult by classical ICP-MS because of spectral interference for K, Ca, P, and S, and the background signal interference for Na (from the torch of ICP-MS). Fortunately, ICP-MS with a pair of tandem quadrupole mass spectrometers (i.e. ICP-QMS/QMS) and an octapole reaction cell (ORC) system are commercially available in recent years, which provide the potential for separating the spectral interferences mentioned above. The major challenging issue and the problem-solving approach for each target element are summarized in Table 1 .
Acid digestion methods using HCl and H2O2, 12 H2SO4 followed by HNO3 and H2O2, 13 HNO3 and H2O2, 14 had been respectively reported to be valid for determining various elements in fuel samples. However, a longer operating time (several hours or days) and complicate digestion operations are required in these methods, accompanied by the risk of contamination from the digestion vessels and the environment. Alternatively, simple dilution with organic solvents had been reported to be effective for the determination of the elements in fuel samples. [15] [16] [17] De Souza et al. had reported that xylene dilution was useful for multielemental determinations in oil matrices by ICP-MS with a dynamic reaction cell. 17 Such organic solvent dilution methods are candidate high-throughput sample pretreatment methods for determining the elements in a BDF sample because the operations are very simple and could be carried out in a shorter time (several minutes).
In the present work, a technique based on xylene dilution and ICP-QMS/QMS was investigated for measuring regulated elements in a BDF candidate RM, which permitted a highthroughput analysis for homogeneity assessment.
The application of the ICP-QMS/QMS permitted highly sensitive measurements of all the target elements, including S, which is an especially difficult element for single quadrupole ICP-MS because of spectral interference from 16 
O2
+ with 32 S + .
Experimental
Instrumentation An Agilent 8800-type ICP-QMS/QMS (Agilent Technologies Japan, Tokyo) was applied for measurements of the elements. The operating conditions of the ICP-QMS/QMS are summarized in Table 2 . The ICP-QMS/QMS was operated in the MS/MS mode with reaction gases. Pure water used throughout the present experiment was prepared by an Elix ® pure-water preparation system (Millipore Kogyo, Tokyo, Japan). An ETHOS 1 type microwave digestion instrument (Milestone General K. K., Kawasaki, Japan) was used for digesting a multielement standard of BDF.
Reagents and chemicals
Single element standard solutions guaranteed by the Japan Calibration Service System were purchased from Kanto Chemicals Co. Inc. (Tokyo, Japan). Ultrapur ® nitric acid and perchloric acid were also purchased from Kanto Chemical Co. Inc. As the dilution solvent, xylene for RoHS analysis was purchased from Wako Pure Chemical Industries, Ltd. (Osaka, Japan). A CONOSTAN ® multi-element standard (20 mg kg -1 each of Na, Mg, K, Ca, and P, 300 mg kg -1 of S) in BDF was purchased from SCP Science (Quebec, Canada) and diluted in xylene to make calibration standards.
The elemental concentrations in this multi-element standard were determined by ICP-QMS/QMS after acid digestion using nitric acid and perchloric acid. In order to confirm the validity of the present method, a CRM (NIST SRM 2773) for the analysis of S in BDF was purchased from the National Institute of Standards and Technology (NIST, Gaithersburg, MD, USA).
Preparation of the candidate RM
The raw material for making the candidate RM was BDF made from palm oil by the ester exchange reaction. After a preliminary analysis of the raw material, a customized multielement standard in BDF was added to achieve the target concentrations for the elements (S, Na, K, Mg, Ca and P). The raw material after an elemental concentration adjustment was subdivided into 353 ampoules to obtain the candidate RMs. The volume of each candidate RM was approximately 15.5 mL, being stored in a 20-mL amber glass ampoule.
Calculation for homogeneity assessment
A homogeneity assessment of the candidate RM was carried a. The gas flow rate was given for argon gas, except for those specified.
out following the ISO Guide 35:2006. 4 Ten ampoules were taken from the stock of the candidate RM by stratified random sampling. Three sub-samples for each ampoule were obtained by diluting 5 mL of the sample in 45 mL of xylene. The sub-samples were analyzed by the ICP-QMS/QMS. An analysis of the variance (ANOVA) was carried out for the results, and the obtained within-bottle mean square (MSwithin) and between-bottle mean square (MSamong) were applied in Eqs. (1) and (2) to obtain the between-bottle variance (sbb) and the between-bottle variance incorporating the influence of the analytical variation (ubb), respectively:
In Eq. (2), vMSwithin is the freedom of MSwithin. Bigger values of sbb and ubb were used as the contribution of the homogeneity to the combined standard uncertainty of a property value.
Results and Discussion

Optimization of optional O2 gas for the direct introduction of xylene to the ICP-QMS/QMS
Both ethanol 15, 16 and xylene 17 had been reported as the dilution solvent for the analysis of BDF. An experiment was carried out to check the stability of the diluted samples using ethanol and xylene as the dilution solvent, respectively. The present BDF candidate RM was mixed with the solvents respectively, with a volume ratio of 1:5 (sample:solvent). After being left standing for 1 h, phase separation of BDF from the solvent was observed for ethanol but was not observed for xylene. As a result, xylene was chosen as the dilution solvent in the following experiment.
When an organic solvent was directly introduced in the plasma, oxygen gas was often added to the sample aerosols so as to achieve complete combustion of the carbon contents, and to prevent the deposition of soot on the sample introduction system. 18 An optional gas port for the introduction of oxygen gas was available for the ICP-QMS/QMS instrument used in the present work. Therefore, optimization of the flow rate of the optional oxygen gas was carried out to achieve complete combustion of the xylene solvent introduced into the plasma.
The ICP-QMS/QMS instrument was powered on without the introduction of any sample, i.e. without turning on the argon carrier gas and the optional oxygen gas. After that, the carrier gas flow rate was tuned up to 0.8 mL min -1 , which was confirmed in advance to be the optimum condition for sample loading using the present nebulizer. The appearance of the plasma before and after the introduction of the xylene solvent is shown in Figs. 1(a) and 1(b) , respectively. The blue color plasma shown in Fig. 1(b) indicates incomplete combustion of the xylene solvent. The flow rate of optional oxygen gas was gradually tuned up until the plasma appearance shown in Fig. 1(c) was obtained, where the blue color disappeared, indicating complete combustion of the xylene solvent. The stability of the plasma was ensured by achieving the minimum reflection voltage, which was controlled by adjusting the RF matching parameter when tuning up the carrier gas and the optional gas. It should be noted that the present experiments were carried out with an Agilent 8800 type ICP-QMS/QMS; the appearance of the plasma with other type of ICP-MS might not be identical to those shown in Figs. 1(a) to 1(c). The optimized RF matching parameter was 1.25 V for the present instrument, the value of which was around 1.60 V for the introduction of water-based samples. The RF matching parameter depended on the condition of the instrument; the present value might not exactly working for another instrument, even with the same model.
The optimum optional oxygen gas flow rate was found to be 50 mL min -1 in the present work, and was used in following experiments.
Optimization of plasma power for the measurement of Na and K by ICP-QMS/QMS
Precise measurement of 23 Na + at a lower μg kg -1 level by the ICP-MS technique is challenging because of the high background signal generated by the Na contents in the plasma torch, which might be alleviated at a lower radio frequency (RF) power condition. On the other hand, the measurements of 39 K + and 40 Ca + subject to spectral interferences by 38 Ar 1 H + and 40 Ar + , respectively, which could be improved by using a cool plasma condition to reduce the ionization of argon and hydrogen. 19 Therefore, the dependence of the signal intensities in the standard and that in the blank solvent on the RF power was investigated to obtain the optimum operating condition for Na, K, and Ca measurements. 
DL std S-blk std blk
In Eqs. (3) and (4), cstd is the elemental concentration in the standard; Sblk and Sstd are the signal intensity of the element obtained with the xylene blank and that obtained with the standard; σS-blk is the standard deviation of Sblk. A lower BEC value indicates a lower background, while a lower DL value indicates a better capability for detecting the concentration variance of a target element.
It can be seen in Fig. 2(a) As can be seen from Fig. 2(b) , the BECs of 23 Na + and 39 K + decreased apparently when the RF power decreased from 1550 to 1150 W, which could be attributed to the decrease of Na release from the plasma torch and the suppression of argon and hydrogen ionization, respectively. However, when the RF power was under 1150 W, a further decrease of the RF power did not result in substantial improvements of the BECs for 23 Na + and 39 K + , which could be attributed to the decrease of the ionization rate of Na and K at an RF power lower than 1100 W, as indicated by the results in Fig. 2(a) .
The DLs for 23 Na + and 39 K + shown in Fig. 2(c) were calculated as the concentration corresponding to a 3-fold standard deviation of the signal intensity by introducing a xylene solvent. As shown in Fig. 2(c) 
Optimization of the O2 flow rate as the reaction gas for measuring S by ICP-QMS/QMS
The measurement of S by traditional ICP-MS suffers severer spectral interferences by 16 Optimization of the flow rate of O2 was carried out to achieve the best DL for 32 S + . The results of the signal intensity, BEC, and DL are plotted in Figs. 3(a), 3(b) , and 3(c), respectively. It can be seen from Fig. 3(a) that the highest signal intensity was achieved with 0.1 mL min -1 O2 as the reaction gas. When the flow rate of O2 was over 0.1 mL min -1 , the signal intensity gradually decreased with the increase of the O2 flow rate, which could be attributed to the loss of some ions because of the increase of collisions in the ORC system. In contrast, the BEC was almost stable in the range of the O2 flow rate from 0.05 to 0.3 mL min -1 , which indicates that the signal intensity in the blank varied in the same way as that in the standard. As is shown in Fig. 3(c) , the lowest DL was achieved at an O2 flow rate of 0.15 mL min -1 . Therefore, this flow rate was selected as being the optimum condition of O2 as the reaction gas in the following experiment.
Optimization of the H2 flow rate as the reaction gas for the measurement of Ca by ICP-QMS/QMS
For the measurement of 40 Ca + by ICP-MS, it is required to remove the spectral interference by 40 Ar + . A preliminary test showed that the addition of H2 as the reaction gas helped to remove the 40 Ar + spectral interference. Therefore, optimization of the flow rate of H2 as the additional reaction gas was investigated to achieve the lowest DL along with a relatively high signal intensity. The results are plotted in Figs. 4(a), 4(b) , and 4(c). It can be seen from Fig. 4(a) that the signal intensity at a m/z of 40 decreased by 4 orders of magnitude when H2 was additionally introduced as the reaction gas, which could be attributed to that the spectral interference of 40 
Ar
+ was effectively removed. Furthermore, an increase of the H2 flow rate resulted in decreases of both the signal intensity of 40 
Ca
+ and the BEC, as shown in Figs. 4(a) and 4(b) , respectively. At the same time, it can be seen from Fig. 4(c) that the lowest DL value was achieved at a H2 flow rate of 1.0 mL min -1 . As a result, a H2 flow rate of 1.0 mL min -1 was selected as the optimum condition in the present experiment, since it provided a higher signal intensity of 40 Ca + and the lowest DL value.
Analytical figures of merit
As results of the above-mentioned optimization, the following experiments were carried out with an RF power of 1150 W, a flow rate of the O2 reaction gas of 0.15 mL min -1 , and a flow rate of the H2 reaction gas of 1.0 mL min -1 , respectively as the optimum conditions. The values of the sensitivity, the BEC, and the DL under these conditions are summarized in Table 3 as the analytical figures of merit. The present samples were measured after 1/10 dilution in xylene, in which the concentrations of Na, Mg, K, Ca, P, and S were approximately 0.1, 0.1, 0.1, 0.1, 0.2, and 0.7 mg kg -1 , respectively. The sensitivity values given in Table 3 indicate that the measurements of these elements in the sample could be obtained with a signal intensity over 30000 CPS, which permitted the measurements being carried out with a good repeatability. Furthermore, the values of BEC and DL were lower than the concentrations in the sample by 3 and 4 orders of magnitude, respectively. This fact indicates that the relative uncertainty due to the BEC and the DL was less than 0.1% for measuring a sample, which permitted reliable measurements for homogeneity assessments (target value of relative uncertainty, <3%). In order to avoid any sample-to-sample contamination and the memory effect during the measurement procedure, a 3-min washing was carried out using two bottles of xylene (30 s with the first one and 150 s with the second one) after the measurement of each sample. The BEC value for each element was monitored, and the results showed that the relative variation for the BEC value of each element was less than 10%.
The validity of the present method was confirmed by analyzing a CRM (NIST SRM 2773, B100 Biodiesel (Animal-Based)) for sulfur analysis. The result of sulfur in NIST SRM 2773 was (7.04 ± 0.35)mg kg -1 , which agreed with the certified value (7.39 ± 0.39)mg kg -1 . Both the analytical result and the certified value were shown as (mean ± expanded uncertainty), where the coverage factor was 2, giving a level of confidence of approximately 95%. This result indicates that the present method was valid for the analysis of the BDF sample. Therefore, this method was applied to a homogeneity assessment of the candidate RM having been developed by the authors' group. 20 
Analytical results of the homogeneity assessment
Ten ampoules of the candidate RM were randomly drawn from the stocks of 353 ampules and subjected to the analysis after 1/10 dilution (5 to 50 mL) with xylene. Totally, 30 subsamples, 3 from each ampoule, were analyzed for the homogeneity assessment.
The analytical results of each sub-sample are summarized in Table 4 . After an ANOVA analysis of these results, the values of sbb and ubb were calculated based on Eqs. (1) and (2), respectively ( Table 5) . The values of uhom, i.e. the larger values of sbb and ubb for each element, are also given in Table 5 , and were considered as the uncertainty of homogeneity for calculating the combined uncertainty of the property value of each element in the candidate RM. It can be seen from Table 5 that the values of uhom were generally under 0.6% except for that of P, which was 1.6%. These values were sufficiently lower than the relative combined uncertainty (over 5%) of the property values, indicating that the candidate RMs were sufficiently homogenous for the development of a CRM.
Conclusions
A xylene dilution ICP-QMS/QMS method was investigated as a rapid, simple and reliable method for determining the elements (Na, Mg, K, Ca, P, and S) in a BDF candidate RM. After optimization of the O2 flow rate, as the additional gas to the carrier gas, complete combustion of the xylene solvent in the plasma was achieved, which permitted the direct analysis of BDF diluted in xylene. The optimized plasma power and reaction cell gas flow rates (O2 and H2) permitted simultaneous measurements of Na, Mg, K, Ca, P, and S, with DL values (unit, mg kg -1 ) of 0.0004, 0.00004, 0.0003, 0.00012, 0.00005, and 0.002, respectively. The analytical result of S in NIST SRM 2773 indicates that the present method was valid for the analysis of BDF samples. The present method was applied to a homogeneity assessment of a BDF candidate RM, for which the relative uncertainties of homogeneity of Na, Mg, K, Ca, P, and S, were 0.3, 0.4, 0.6, 0.3, 1.6, and 0.6%, respectively.
Direct introduction of the xylene diluted BDF sample to the ICP-QMS/QMS permitted a rapid pretreatment of the sample (<10 min per sample) for analysis. The simultaneous analysis of six target elements in one sample could be carried out in 10 min, including the washing procedure, signal stabilization, and data acquisition. Furthermore, the application of ICP-QMS/ QMS permitted highly sensitive measurements of all the target a. Typical relative standard deviations were 2.1, 2.0, 1.7, 1.1, 2.5, and 2.5% for Na, Mg, K, Ca, P, and S, respectively. 21 The DL of Ca obtained in the present work was lower than 1/100 of that obtained using an ICP-MS with a dynamic reaction cell, 17 in which xylene dilution was also applied. These analytical figures of merits ensured that the relative uncertainty due to the BEC and the DL was less than 0.1% for measuring the present samples, which permitted reliable measurements for homogeneity assessment with target values of the relative uncertainty of under 3%.
